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ATTENTION: ENGWE

1. In accordance with paragraph 421,12 of Orders and
Regulations, there are submitted herewith for review and approval
10 copies of Design Memorandum No, 3, "Hydranlic and Structural
Design" for the Worcester Diversion, Blackstone River Basin,
Massachusetts. !

2, Project plans and specifications are currently being
prepared by an architect-engineer and in accordance with paragraph
4215,10 of Orders and Regulations will be reviewed and approved
by this office. The project will be advertised as soon thereafter
as possible, but not before approval of the zbove-mentioned design
memorandum is received., It is therefore requested that review of
the design memorandum be expedited.

3. Completed copies of the plans and specifications will
be forwarded to the Office of the Chief of Engineers on or about
the date of advertisement. Necessary modification, if any, will
be incorporated in the project by addendum or by change order
depending upon the time available.

FOR THE DIVISION ENGINEER:

RN 47

MILES L. WACHENDORF -
Lt. Colonel, Corps of Engihgers
Incl Executive Officer
Design Memo No. 3 :
(cys 1-10, incl.)
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A. INTRODUCTION

1. Purposs. - The purpose of this memorandum is to present
the basic hydraulic and structuwral design features of the Worcester
Diversion Project. It presents the results of investigations and
analyses, including the criteria, basic data, assumptions and
computations of the hydraulic and structurgl features. The first
part of this memorandum covers the hydrawlic design and the second
part covers the structural design. Hydrologic criteria and sub-
surface conditions for the project are presented in Design Memo-
randum No. 1, Hydrologic Analysis and in Design Memorandum No. 5,
Geology and Soils.

2. Scope. - This memorandum covers the following structures:
the conbrol dam, intake, tunnel, stilling basin and return channel.

PART I -~ HYDRAULIC DESIGN

B. CONTROL DAM

3. General. - A general description and functioning of the

- control dam across Leesville pond, a short distance below the
diversion intake, is given in Design Memorandum No. 1, page 15,

in which a project design discharge of 12,000 c¢.f.s. was established.
A flow of 6,000 ¢.f.5. would be diverted through the tunnel and
6,000 c.f.s. would pass over the control dam when the lake pool is
at elevabion 497. Plan and sections of the control dam are shown

on Plate 3-2.



L. Discharge Coefficient and Length of Crest. - The weir
discharge is affected by tailwater at high flows and the amount
of this submergence is obtained from Plate No. 1-8 of Design
Memorandum No. 1. Computations showing the method used in
determining the discharge coefficient are shown in the Appendix.
A 175«foot length of crest is required in order to pass 6,000
c.f.8., with a head of 5 feet, freehoard of 1'-0" and with head
waber at elevation L497. The earth section has been designed to
pass flows over the embankment.

5. Shape of Crest. - Since the design head on the dam is
egual to or more than one-~half the weir height, the crest profile
will be a standard Ogee crest for a 5-foot head as shown on Table 1
of Manuval Part CXVI, Chapter 3 - Hydraulic Design Spillways.

C. INTAKE

6. General. - The location and details of the diversion intake
are shown on Plates Nos. 3-2, 3-3 and 3-10. The intake prevents
flood water below elevation 87 from entering the diversion. It
will pass an increasing flow shove this elevation as the pond rises
with a design discharge of 6,000 c.f.s. at elevation 1492,

7. Type of Spillway. - The intake is a partial morning glory
spillway of shallow depth with a circular weir crest extending over
an angle of 180 degrees. The invert of the spillway at the point
of tangency with the tunnel was established at L451.80 in order to
have the excavation for the initial section of tunnel in compact
glacial till rather than partially in till and partially in rock.

8., Discharge Coefficient and Length of Weir. - The crest
coefficient for the morning glory has been determined on the same
basis as for a full morning glory in accordance with Engineering
Manual Part CXVI, Chapter 3, Plates 39 and L4O. The method of
determining the discharge coefficient and length of weir is given
in the Appendix. The entire area upstream of the spillway structure
and the control dam will be excavated to elevation 482,

9. Crest Shape. - The shape of crest conforms to the equation
for the standard crest of Ogee spillways as shown in Table 1, page 7
of the Manual.

10. Entrance and Bend Losses. - The losses through the intake
have been taken as .19 of the tunnel velocity head. Plate 1 of Part
CXVI, Chapter 2 - Reservoir Outlet Structures - was used as a guide
in the determinabtion of this coefficient.




D. TUNNEL

11. General. - 4 16-foot diameter concrete circular conduit
4,205 feet long will convey flows from the intake to the stilling
basin at the downstream end. The plan, profile and details of the
tunnel are indicated on Plates 3~3, 3-h and 3-5. The hydraulic
characteristic curves for this tunnel are shown on Plate 3-~12 and
computations for the curves are shown in the Appendix, 4n 'n'
value of .0ll was assumed which is under the .012 recommended in
the manual, but which is considered conservative by the Waterways
Experiment Station. The tunnel slope is greater than that required
for eritical discharge and all flows will be free up to the 6,000
c.f.s. design discharge. Pressure flow occurs at about 6,000 c.f.s.
and above.

12, Functioning of Intake and Tumnel. - On low and moderate
discharges it is expected that a jump or wave will form at the
elbow of the intake from where the water surface will form a drop
down curve to about uniform flow at normzl depth. On high dis-
charges the water surface may rise to such an elevation in the intake
that the higher head may cause greater discharge temporarily which
in turn would be followed by a lower head. This condition could be
repeated and cause pulsations or surges in the tunnel and stilling
basin. The 150-foot stilling basin and 800 feet of the return
channel in rock would minimize any possible damage from the surges.

E. OUTLET STILLING BASIN

13. Design Criteria., - The stilling basin design is illustrated
on Plate No. 3-3 and 3-11. The stilling basin is designed in
accordance with hydraulic criteria deseribed in the Manual CXVI,
Chapter 2. Flow through the intake and tunnel is unregulated.

The intake with a weir having the possibility of a higher discharge
coefficient and a tunnel with a friction coefficient "n" less than
»011 may result in much higher discharges through the stilling
basin than the design discharge of 6,000 ¢c.f.s. The design would
be adequate for 7,000 ¢.f.s. flow through the basin,

1. Trajectory and Flare. - The 2'-O" parabolic drop 70 feet
long between the invert of the tunnel and the stilling basin floor
is paved,

The flare ratio does not exceed the criteria of twice the
Froude number for a discharge of 6,000 c¢.f.s. on the assumption of
a LO=foot wide stilling basin,

15, Stilling Basin Floor, -~ Jump heights and tallwater depths
have been computed for various flows and drawm on Plate 3-11 to
indicate the relationship between the two depths. Hydraulic compnu~
tations are shown in the Appendix.




16, Length of Stilling Basin. ~ The 150-foot length of basin is
about eight times the depth after jump which is conservative for dis=-
charges exceeding 6,000 c.f.s.

The basin will be paved for only 50 feet at which point the
velocity in the jump would be reduced to aboubt 10 feet per second.
A concrete sill with the top at elevation L07.18 will extend across
the basin at Station L7+20.

17. Analysis of Flow Conditions. - Velocities at the portal,
beginning of the hydraulic jump and at the end of the basin for
several discharges are shown with corresponding tailwater elevations
on Plate No, 3-11.

F. RETURN CHANNKEL

18. General. - The return channel extending from the end of
the stilling basin at Station 47+20 to the Blackstone River generally
follows the bed of Hull Brook and is divided into three main reaches.
The first reach from Station L7+20 to asbout Station 55+00 is entirely
in rock, with a bottom width of LO feet, side slopes of L vertical
on 1 horizontal and & channel bottom slope of ,0025.

The second reach extends from the end of the channel in rock
to the Massachusetts Turnpike Crossing and ls in earth with a bottom
width of 35 feet with side slopes of 1 verticsl on 2% horizontal.

The bottom width for this reach has been reduced from the 50-foot
width shown in the General Design Memorandum as a result of more
detailed hydravlic caleunlations. The earth slopes will be protected
with 2'=6" of rock fill. The bottom channel slope is .00096lL to
meet the invert of the existing Turnpike Crossing.

The third reach from the break in bottom grade at the
Turnpike Crossing extends to Station 154+20 with a bottom width
of 50 feet and side slopes of 1 vertical on 2% horizontal. It is
covered with 2'=6" of rock fill. The bottom channel slope is
000589, In order to pass normal flood flows under the NY, NH & H
Railroad and to flare the outlet intc the Blackstone River, the
bottom width is increased from 50 feet to 80 feet by a transition
between Stations 15L+20 and 156+20. The span of the railroad bridge
will be 80 feet. The hydraulic characteristic curves of these
sections with an "n% value of .035 are shown on Plate No, 3~12,

19, Design Discharge. - The design discharge of the return
channel was established as 6,000 c¢.f.s plus the flood flow of 800
C.f.s. from the 4.15 square miles of drainage area adjacent to
Hull Brook. 500 ¢.f.s. of this flow is assumed to enter the upper
end of the second reach and the remaining 300 ¢.f.s. is assumed




to enter just below the Massachusetts Turnpike Crossing. The
tailwater in the Blackstone River at the outlet of the return
channel was assumed to be elevation L13 with the stream bed at
sbout elevation 397. A tailwater rating curve of the Blackstone
River of the return channel outlet is shown on Plate No. 3-13.

20. Water Profile in Return Channel. - A backwater curve
computation with the above assumpiions gave a water depth of 15.5
feet or elevation 422,68 at Station L7+20. This backwater curve
was computed in accordance with the Waterways Experiment Station,
Hydraulic Design Criteria on Open Channel Flow, Sheets 010-2 and
to 010-5/3. The detail calculabions are shown in the Appendix.
The backwater curve profile and the velocities of flow in the
reaches have been plotted on Plate 3-12., It has been assumed
that an 'n" value of ,035 throughout the reaches allows for losses
through all bridge openings except at Greenwood Street and the NY,
NH & H Railroad. The losses af these points have been computed
and are shown in the Appendix.

PART II - STRUCTURAL DESIGN
. DESIGN CRITERIA

21, Design Criteria. - a. General. - All working stresses
conform to those specified in the Engineering Mamual for Civil
Works, Part CXXI, Chapter I, "Stresses and Criteria for Structural
Design", dated May, 1953. Loading conditions, design assumptions
and other design criteria are based on the following applicable
parts of the Engineering Manual for Civil Works issued by the Office
of the Chief of Engineers: Standard Practice for Concrete (Part
CXX, October 1953); Gravity Dam Design (Part CXXII, Octeber 1952);
Structural Design of Spillways and Outlet Works (Part CXXIV, December
1952) and Design of Miscellaneous Structures (Part CXXIX, Chapter 1,
Tunnels, June, 1952, and Chapter 2, Conduits, Culverts and Pipes,
June, 1948). Accepted engineering practice has been employed in
cases which the Engineering Manual for Civil Works does not cover.

b. Conerete, - The Civil Works Manual exposure classifica-
tion ®A" (applicable to structures subject to moderately severe
weather exposure) has been used for all concrete. The following
table lists the concrete and reinforced conerete working siresses
used in the design of structures.



Unit Stress

Description (pesais)

Flexure - £} = 3,000 p.s.i.

Extreme fiber stresses in compression 1,050

Extreme fiber stresses in tension
(plain concrete) 90

Shear -~ (v)

Beams - no web reinforcement 90
Bond ~ (u)
Deformed Bars 210

Modular Ratio ~ (n) = 10

¢. Reinforcement. - (1) Grade and Working Stresses. -
411 reinforcement in the structures, including temperature and
shrinkage reinforcement, is designed for the working stresses of
new billet steel, intermediate grade, deformed bars with an allow-
able stress of 18,000 p.s.i. in flexural tension., The reinforcement
will conform to the requirements of ASTM Specification A15-54T for
“Billet Steel Bars for Concrete Reinforcement", deformed, Inter-
mediate Billet.

(2) Spacing. - The clear distance between parallel
bars will not be less than 1} times the diameter of round bars
except that in no case will the clear distance between parallel
bars be less than 1 inch, or 11 times the maximum coarse aggregate
size.

(3) Minimum Cover for Main Reinforcement. -

Type Minimum Cover (Inches)
All reinforeing adjacent to earth or rock L
All other reinforcing ' 3

(4) Splices. - All splices will be lapped 30 diameters
to develop by bond, the total working strength of the bars. Splices
in the main reinforcement at points of maximum moment will be avoided
in the design.



(5) Temperature and Shrinkage Reinforcement., -
Temperature and shrinkage reinforcement will be provided in
slabs and walls whers the main reinforcement extends in only
one direction. This reinforcement, based on deformed bars,
will provide for a minimum ratio of steel area to concrete
area (bd) of 0,002 with a maximum spacing between bars of 18
inches.

22. Basic Dabta and Assumptions. -

a. Controlling Elevations (m.s.l.)

Top of control dam 498
Control dam spillway crest L92
Intake structure spillway crest U487
Tunnel invert at exit portal 407
Stilling basin floor 405

b. Loads. - (1) Dead Loads. - The follow1ng unit
weights for materials have been used:

UNIT WEIGHT, pcf

Material, Saturated Dry Submerged
Rock Fill 135 115 72
Gravel Bedding and Pervious Fill 141 125 78
Impervious Fill 150 138.8 87.5
Foundation Till 150 138.8 87.5
Foundation Sand 128 106 &6
Foundation Rock 175
Concrete (plain and reinforced) 150

(2) ILive Loads. - The following live loads have been
used:

Water 62,5 1lbs. per cu. ft.

¢. External Water Pressure. - In cases where hydrostatic
pressure affects the design of a structure, it has been assumed to
act over the entire area in question under the full head. Specific
uplift assumptions for each structure are given in the section where
the structure is treated separately.

d. HEarth Pressure. -~ Pressures against the tummeél have
been determined by the methods outlined in Part CXXTX, Chapter 2,
Conduits, Culverts and Pipes, using Case I.




H. CONTROL DAM

23. Description. - The control dam is shown on Plate 3-2.
The Ogee spillway section will be constructed on the glacial
till or compact siliy sand. A concrete vertical key at the
upstream end of the Ogee section will be carried down into glacial
411l to form a cutoff.

The area immediately downstream from the Ogee section
will be covered with a concrete slab. The area further downstream
from the slab will have a layer of rock fill 2'-6" thick, the lower
part of which will be comprised of the finer sizes.

The non-overflow section and the training walls at the
abutment, will be designed as gravity sections. The non-overflow
section will extend into the impervious section of the earth dam.
The fill adjacent to the training wall will be free draining to
prevent excessive thrusts due to possible presswre from frost
action in the glacial +ill.

The diversion cofferdams will form the upstream and down-
stream pervious zones of the permanent embankment. The impervious
center section will be constructed from the glacial till. The
entire embankment will be covered with rock fill from the tunnel
excavabion.

2h. Stability Analysis. - The dam has been analyzed for
stability and sliding; first, with head water assumed at crest
level with no tailwater; second, with 5 feet of head water over
the crest and tailwater 2.5 feet above the crest; finally, with
5 feet of head water over the crest and tailwater 2.5 feet below
the crest.

The sliding factor of the Ogee section under the first
assumption is .3; under the second assumption is ,15 and for the
final assumption is .6. The vertical key will be reinforced to
further increase the factor of safety against sliding.

25. Sluice Gates - Operating Mechanism. ~ Two 5' x 5! cast
iron sluice gates will be provided in the control dam in order to
pass low flows. These gates are designed for seating pressure
with a differential in head not exceeding 10 feet. The seabts will
be of bronze.

The operating floor stand will be of sufficient capacity
to operate the gate properly under the 10-foot head differential
with provision for crank and power operation. It will have a
bronze operating nut and tapered roller anti-friction bearing.



The portable power operator mechanism will have a small
gagoline engine, reversing transmission and an adjustable release
clutch with the reversing transmission being driven by a chain
drive from the gasoline engine. The floor stand will have special
brackets for fastening the operating mechanism to the stand.

I. INTAKE STRUCTURE

26. General. - The intaske and transition section is shown on
Plate 3-10. The location of the intake structure has been revised
from that shown in the General Design Memorandum to provide a
better working space hetween the intake and the railroad track.

It is founded on rock and is designed as a cylindrical structure

to resist the horizontal water and earth loads acting on the
perimeter. The opening through the side for flow to the tunnel

is circular in section and decreases to a 16-foot diameter at the
tunnel. This ¢ircular section will be reinforced by circumferential
reinforeing at the inside face.

The main cylindrical ring will be reinforced horizontally
to transfer the main ring stresses to the adjacent concrets ahove
and below the water passage opening.

The side walls forming the bell mouth of the transition
section proper will be supported on the main structural ring of
the intake.

A joint with rubber water stop has been provided at the
juncture of the intake with the tunnel in the glacial till.

27. Uplift. -~ The bottom slab in the vieinity of the invert is
subject to considerable uplift., To resist this force dowels have
been designed anchoring the slab to the underlying rock. The entire
structure is stable for uplift with external water pressure to eleva~
tion ;92 without an internal water load.

28, Crest. - The overhanging crest has been designed as a
cantilever to carry the lcad of concrete and water.

29. Debris Barrier and Log Boom. - The debris barrier in
front of the intake structure will be A.R.E.A. 115# steel rails
spaced 12 ft. center to center. They will be located on the
circumference of a circle concentric with the intake and about
30 feet from the crest. These rails will be driven deep into
the glacial till with their top at elevation 493.



A log boom will be located across the stream just above
the control dam and intake as shown on the drawings. The logs will
be about 10 inch diameter at the tip and about 18 feet long and
connected together by boom chains. A stesl cable shall pass through
the chains on each log ard the ends of the cable will be fastened
to substantial anchors at each end,

J. TUNNEL

30. General. - The cross sections and profile of the 16 f£t.
diameter tunnel are shown on Plates 3-3, 3-4 and 3-5. The thickness
of tunnel lining as indicated on Plate 2-6 of Design Memorandum No.
2 has been increased., The minimum thickness of lining shown in
UTypical Roeck Section - Unsupported” has been increased from 1100
to 113" and the lining shown in "Typical Earth Spction" has been
inereased from 27'-1" to 2'=1i". The tunnel extends from the intake
structure to the stilling basin and is in compact glacial till for
about L4O5 feet, in weathered phyllitic rock for sbout 225 feet and
in relabively sound phyllite for approximately 3,575 feet. Most
of the 3,575 feet of tunnel in rock will not require any form of
support during construction. For short stretches of weathered or
severely broken zones, provision is made for installing either
gteel ribs, roof bolts or applications of gunite., Probable arsas
of increased rock tunnel loading are discussed on page 7 of Design
Memorandum No. 5, Geology and Soils.

The easterly portal of tunnel has been located in relatively
sound bedrock, well into the hillside, where approximately 50 feet
of rock cover is available over the tunnel portal.

31. Design Loading. - The design of the tunnel follows the
criteria set forth in the Engineering Manual, Part CXXIX, Chapter 1,
"Tunnels", and Chapter 2, "Design of Miscellaneous Structures,
Conduits, Culverts and Pipes". The following loading conditions
govern the design of the tunnel,

a. Tunnel in Earth., =

Maximum vertical load = Weight of 65 ft. of submerged
earth.

Horizontal load = 50% of vertical load.

Maximum hydrostatic pressure = 65 ft. head of water
over crown.

10



b, Tunnel in Rock. =

Maximum hydrostatic pressure = 175 ft. head of water
over crown.

¢, Temporary Supports for Tunnel in Earth. -

Vertical load = Weight of 22,5 ft. of submerged earth.

Maximum hydrostatic pressure = 65 ft. head of water
over crown.

d. Temporary Supports for Tunnel in Rock. -

Vertical load = Weight of 10 ft. of fractured,blocky,
seamy rock.

32. Desgign Analysis. — An analysis for a circular ¢oncrete
tunnel lining has been made similar to that for a modified circular
culvert in "Concrete Culverts and Conduits" of the Portland Cement
Association.

Coefficients have been computed for moment, shear and
thrust for uniform vertical earth load, uniform horizontal earth
load and triangular horizontal earth load at points on the shell
15 degrees spart for a tumnel of radius r and thickness of lining t.

Computations combining the weight of tumnel lining with
outside water load to crowm have been made for a 16-foot diameter
tunnel with lining thicknesses of 1'-0", 1!'=6M, 210" and 2'-6",
The weight of the lining balances the buoyancy at 2'-6" thickness.
For thickness less than 2'-6Y" the excesp buoyancy has been assumed
as distributed equally to esach of the slx top voussoirs and which
approximates a trapezoidal reaction.

Applicable combinations of these data have been used to
design the 16' diameter tunnel. The design of the tunnel in rock is
computed on Sheet B-23 and the design of the tunnel, both for rein-
forced and unreinforced concrete in earth, is computed on Sheet B=2L.

Moments and shears for thicknesses shown are taken from
computations or interpolated from -moment or force diagrams in the
Lppendix.

The computations for structural steel tunnel supports
are on Sheets B~25 and B-26 in the Appendix.
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K. STILLING BASIN

33. General. = The stilling basin is showm on Plates 3-3 and
3=11., The rock on the bottom and sides of the basin from the tunnel
portal for 120 feet will be paved with reinforced concrete.

34. Anchors. - The floor slsb ard side walls are anchored to
the rock by a regularly spaced layout of anchor bars. These bars
are designed to resist a contained water pressure from ground water
found in the rock equal to the elevation of the top of the walls,

The downstream section of the stilling basin will be unpaved

for gbout 100 feet where the velocities of flow are substantially
reduced.

12



TABLE T

DETATLED FEDERAL COST ESTIMATE
(1956 Price Level)

ENR Construction Cost Index 697 (1913 = 1

00}
No. Unit Estimated
Item Description Quantity Unit Price Amount
1 Preparabion of Site 1 Job L.8. $§ 30,000
2 Control and Diversion of
Kettle Brook 1 Job  L.S. 15,000
3 Common Excavstion - Intake 1 Job L.S. 20,000
H Common Excavation = General
a. First 650,000 cu. yds. 650,000 Cu, Yds. 0,60 390,000
b. Over 650,000 cu. yds. 50,000 Cu. ¥ds. .50 25,000
5 Rock Excavation - Open Cui
a. First 120,000 cu. yds. 120,000 Cu. Yds. 3.50 120,000
b. Over 120,000 cu. yds. 20,000 Cu. Yds. 3.25 65,000
6  Mucking Rock Overbreak in
Open Cut 1,500 Cu, ¥ds. 1,00 1,500
7 Tunnel Excavation - All Earth
a. First 4,500 cu. yds. 4,500 Cu. Yds. 20,00 90,000
b. Over 4,500 cu, yds. 500 Cu, Yds. 18.00 9,000
8 Tunnel Excavation - Part
Earth-Part Rock
a. First 2,500 cu. yds. 2,500 Cu. Yds. 20,00 50,000
b. Over 2,500 cu. yds. 200 Cu. Yds. 18.00 3,600
9 Tunnel Excavabion - Rock :
a. First 36,000 cu. yds. 36,000 Cu. Yds. 20,00 720,000
bo OVBI‘ 36,006 Clo dee ].].,000 CU.. Yds. 1.8.00 ?2,000
10 Tunnel Excavation - Rock,
Ordered Enlargement . 70  Cu. Yds. 20,00 1,400
11 Turnmel Excavation - Muclking
Rock Qverbreak Material 3,300 Cu. Yds. 2.00 6,600

13



No.
Ttem

12

13

15

16

17
18

19

20

21

22

TABLE I (Cont'd)

Description Quantity
Structural Supports in
Tunnel
a. FPFirst 40O Full Circle Mele}
b. Over 40O Full Circle 100
Structural Supports in
Tunnel
a. PFirst 30 Half Cirecle
and Legs 30
b. Over 30 Half Circle
and Legs 15

Liner Plates -~
16 x 31.1-11/16"

a. First 8,600 8,600
b. Over 8,600 900
Liner Flates
161 x 9-27/64L4n 600
Lagging 6% Channel 8.2
a. First 4,000 1.,000
b. Over 4,000 250
Tie Bars 180
Rock Bolts for 8-Foot Setting
a. First 100 100
b. Over 100 : 50

Concrete in Tunnel - Reinforced
a. First 2,750 cu. yds. 2,750

b. Over 2,750 ¢u. yds. 150
Concrete in Tunnel -
Unreinforced _
a, First 12,500 cu. yds. 12,500
b. Over 12,500 cu. yds. 700

Concrete (Backfill) in
Tunnel 3,300

Concrete - Controel Dam
Intake Structure
S5tilling Basin
a. First 7,000 cu. yds. 7,000
b, Over 7,000 cu. yds. 500

1y

Unit  Estimated
Unit Price Amount
Each  $660.00 $26l,000
Each 660,00 66,000
Each  582.00 17,460
Each 582,00 8,730
Each 29,40 252,840
Each 29.40 26,160
Each 7.50 h,SOO
Lin. Ft. 4.10 k1,100
Lin., Ft. L.10 1,025
Bach 3050 630
Each 15,00 1,500
Each 15,00 750
CU.. ch 50000 137 ,500
Cu, Y4. 40,00 6,000
Cu. Yd. 50,00 625,000
Gu. Yd. 10.00 28,000
Cue Ydo 12000 39’600
Cu. Yd. 45.00 315,000
Cu. Yd. 20.00 10,000



TABLE I (Cont'd)

No. Unit Estimated

Tten Description Quantity Unit Price Amount
23  Concrete Backfill - |
Stilling Basin 150 Cu. Yd. $ 10.00 $ 1,500
2,  Reinforcing Steel 225,000 Lbs. .20 15,000
25 Portiand Cement 30,000 . Bbl. 5.70 171,000

26 Tunnel Consolidation
Grouting-Mobilization

and Demobilization 1 Job L.8, 2,000
27 Tunnel Consolidation

Grouting - Drilling 3¢

Explor. Holes (¥X) 100 Lin., Ft. 7.00 700

28 Tunnel Consolidation
Grouting - Drilling 13"
Grout Holes 250 Lin. Ft. 3.50 875

29 Tunnel Consolidation
Grouting - 2" Pipe for

Grout Holes 187 Ib. 1.10 206
30 Tunnel Consolidation

Grouting ~ Portland Cement 150 Cu. Ft. 1.60 240
31 Tunnel Consolidation

Grouting - 8and in Consoli-

dating Grouting ' 20 Cu. Fi. 1.00 20
32 Tunnel Gonsolidation

Grouting - Placing Grout 200 Cu. Ft. 3.75 750

33 Tunnel Consolidation
Grouting - Connection to

Grout Holes 25 Each 2,00 50
34  Anchors - Intake Structure 89 Each $1.00 8,099
35  Anchors - Stilling Basin L0 Bach 51.60 20,640
36 Impervious Fill Embankment 5,000 Cu, Yd. 250 2,500
37 Pervious Fill Embankment 20,000 Cu. Yd. 250 10,000

‘15



No.
Item

38
39
Lo

L2

L3

TABLE I (Cont'd)

Unit Estimated

Deseription Quantity Unit Price Amount
Rock Fill -~ Earth Dam 3,700 GCu. Yd. $1.25 § 4,625

Rock Fill - Return Channel 125,000 Cu. Yd. 1.25 156,250

Sluice Gates and Hoists 1 Job L.S. 75500
Rubber Water Stops 8,000 Lin. Ft. L.00 32,000
Debris Barrier -

115 1b. A.R.BE.A. Rail 21 Each 150, 3,150
Log Boom 7 1 Job L.S. 1,500
Chain Link Fencing and Gates 1 Job L.S. 11,200

Sub Total $li,208,000

Contingencies abt 15% 631,000

Total Construction Cost $k ,839,000

Relocations (NY, NH & H Railroad Bridge) 131;000
Engineering and Design 305,000
Supervision and Administration ' B 395;000

TOTAL FEDERAL COST $5,670,000

16
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APPENDIX A

TYPICAL HYDRAULIC DESIGN COMPUTATIONS

INDEX TO SHEETS

Title

Control Dam - Coefficient of Discharge
Intake Structure - Crest length

Intake Structure - Crest shape

Intake Structure - Discharge curve

Outlet Tumnel - Critical discharge

Outlet Tunnel - Discharge at normal depths
Stilling Bagin - Hydraulic jump computabions

Stilling Basin

Hydraulic jump computations

Stilling Basin - Hydraulic jump computations

Stilling Basin

Hydraulie jump computations

Return Channel -~ Uniform flow LO' base channel

Return Channel - Uniform flow 35! base channel

Return Channel - Uniform flow 50! base channel

Return Chamnel - Open chamnel flow
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THRUSTSESHERRS
FORCE D/RGRERMS
- Lniform Horiecontal Farlb load

SCALE: /2230 UNITS
UNITS ARE COEFFICIENTS OF w(ir+§)
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, g 30" SHELL
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WORCESTER DIVERSION

TUNNEL — [6FT DIAMETER .
TRIANGULAR WATER [TOAD TO CROWN ON OQUTSIDE

' WiTH
TUNNEL WEIGHT § EXCESS BOUYANCY REACTION
THRUSTS £ SHEARS — FORCE DIAGRAMS
FRANK E. FAHLQUIST JUSTIN & COURTNEY
JANUARY 1957 SHEET NO B-2/
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WORCESTER - DIVERSION
TUNNEL — /6 FT DIAMETER ,
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FRANK E. FAHLQUIST JUSTIN ¢ COURTNEY
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. CastE FoR h=0"3 t=p0"
’ o ~ CROWN " MID-SECTION INVERT
. M FtR) NKies) [ M GEE.K)] N(KiP) M (FE.K)| N (K1PS)
"TUNNEL SHELL & A
WATER BELOW CROWN +2.89 | 2.57 -3.26 | 7.00 | +2.85 7.6!
WATER ABOVE CROWN . | | o ‘
M=0; N=-whirst 0 ° 0 ° ° °
 TOTAL 2.89 2.51. 3.25 7.00 285 | 76l
e n
~  DIRECT STRESS 1000x2.51 Fizxi2 | 1000 7.0 T 12x12 1000x7ef-.-czuz
| fwsloooniast | | g et 55*
BENDING STRESS 6000 x2.89+12x12 | 6000%3.25 F12xi2 | 6000 x2.85 +I2%12
= 6O00M+ 144 t5 i -zt _ I135* - 112t
COMS:,\“XE% 3?—: "Vs? | | rert -0s* | vies* -er* | w7t -66*
,CASEVF'OR'. ‘h=0; t =125
CROWN ~“MID-SECTION INVERT |
, M (Ft K)| N(KiPS) | M(ft.K)| N (KiPS) M (ft.K)| N(Kips)
TUNNEL SHELL & 7 - . 1
. . o . . +2, 0
WATER BELOW CROWN Y2.40 264 20 | 6.98 2.45| 8.08
 WATER ABOVE caowml | o o o o 5 o
M = O, N=T"7900 o _ . »
. TOTAL | 245 | 264 | 280 | 698 | 2.45 8.08
DIRECT STRESS / 1000x2.64%~4'2,x:5' fOQOxG.?a-E"IZ"ls 000 % 8.08 +12% 15
fu= 1000 N <144t _ st B 39 | 454
BENDING STRESS | ©6000*2. 45 +18%15 | 6000 KAZ.B_O:HS'MS G000 2.45+15x1§8
f,=6000M*T 144 t* | . =-65* -74"% - 05
- COMBINED STRESS +a0" - o= B0* +/13Y Y ﬁ_;o“ - 204
MAX. & MIN. . S » .

. i . g . S
CASE FOR h=0;t=15" =
CROWN._ MID-SECTION INVERT ’.“?—:m ) S
M(FE K] N(Kes) [IMEL KT N(kies) | M(Ft.K)| N(Kies) | o =
N ! - - S
+2.01 278 | -2.35 695 | +eoo | 255 | a¥ R
o | o 0 0 o | o S B
2.0 278 2.35 695 | 200 8.55 | ¢ .. S
; : . 0 ?u‘
‘ : e : ‘ 8,85+ o] - QU - N
1000x 2,78+ 12“3 1000 x&95 + :zueﬁ 1000 %8 55 izm? " 12" ,5 TS ST oW
= 13 32 | 40 . ‘ s Oc =
, Lining Thickness "t" (in) .8
| 6000 <201 T1821® | G000%2.35+18x18 éoomaoo-—saxfs v mcﬂé
- - 37ﬂ B 44# . - 371&! ‘ ':.' g\f-o—
— wE o
+50* -24f | 76" -1zt | +77t +34 £93
3 _-.O(... N
CASE For h=1753 t=I(25' g
CROWN MID-SEC TION T INVERT 5 | i
M(ft.k) | N(xips) [ M(ft. k)] N(KiPs) | M(ft.K)| N(Kips) 4yTOD Of crown
| == : — =3 === === . > 4
+245 | 265 | -280 | 698 | te45 | 808 f 3 h=0
IO B GRS | -+ ,\‘6%’ UNIFORM
- {(casxned] (62.9%1.62 ‘ 62.5x 1.62) oY c o\
0 101.25 0 ozs |- 2 .| ones ¥rog3z WATER
| ' T T £ T oo LOAD
2.45 103.90, 2.0 | 106.23 2.45; 109.33 :\-j’ 85 b ,
_ . = ‘ e 6a.5h
1000 % 108.90 #12x15] Jooomoaza lz.us IooomO‘?SS*tzuS . 8
o 578 co8" | - 607* l =/ /
6000 %245 T15x15 GO00X 2.80 T 15%1§ eooo;s.a 4-5‘-;5”5'# (rianguiar water load
| 5" - 75* | 65 : |
- +643* +5134| +o83*  +533%| +eve*  +s4z”

~*h(r+t) 000 =J__%%So-_2_§ =162
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26" CONCRETE TUNNEL IN EARTH
| : | EQUATI!IONS | CROWN . HORZ. MID. SECTION | INVERT B
LOADING DaraFrom GENERAL SUBSTITUTIONS Consrants MOMENT THRUST  MoMENT  ThrusT | MOMENT = THRUST
Sheet!Colomn r=3' t=241" he6S5 [+t)=10.17 (r+3)-9.03 ; " Cu. M@tk Cy N(kiph Cu M(tk) Cn N(kips)  Cp  M(ftk)  Cy  Nikies)'
TriaWaTeR, SueLLWe. B4 41 Absolute Valves of Thrust —Estimated o+ 32 C— i el — ¢ 9.0
ANDBuovancy Reaction : B-17  — AbsoluteValues of Momenti— Eshmai'ed f— 1t 0.9 - L — + 0.8 -
UNiForm Warer | — — N= 8Lttlcy o essio1 ¢ 0.66Cn’ + 625 + 413 62,5 + 41,3 625+ 413
~ ABove THE CROWN' — —— M= hirpllreta) ¢ Loxlona90¥ ¢ 6.000m; © 0 .o o . o o o
UniForMVeRTICAL B10 41 N= P Cn 116,68Cn 115.68 Cn i+ 0.009 i+ 1.0 A to.5a + 5L% ~000q - 1.0
" SusmereeD EARTHLOAD  B-10 40 M= P(r+}) Cm 115,68 x 2.09%«Cm  1050.41 Cy 10,119 + 1250 S —oazt =121 +0.15 +120.3
UNIFORM Homzoum. B4l N= w(r+t)Cy 2944 x1001¢Cn . 29.92 Cy! 40,991 '+ 29.¥i o . o +1,003 + 29.0°
SupMereeD EarTH Loap | B-1l: 40 M= w(ret)(r+%)Cm | 284410,1149.08:Cm - 262.62 c,.,-o,zm - 654 11Q.243 + 3.7 v‘ '-0.255 - 60 o :
TR:ANGULARHomzonmq B-12, 41  N=T(r+t)"Cy  o438x1007%Cx | 4,53 Cn: [+0.64 + 2.9 o o + 136 + 6.2
SUBMERGED EARTH LoAD | B 1240 | MsT(rt)(r+})Cp - 0438 x 1017 9.0¢Cn . 4:,09_0"3—0 224 = 9.2° _ 40,246+ 10.1 ~0.275 - 11, 3 :
L ToTAL | 000 ‘ 7172 + 72 - 838 ' +1060 + 43,3 + g5
. MAXiMUMCONCRETE Direer fo= T—' o N —_— e -§2§’-N po, 246(,55/5@!»:, 'fq loce . 100000+ 33 lagfsate | Fye 820 N= %’53';:0_‘ 271 LB}/SalN,
g Benoing  f, » 2225 M —_— —— 22z '35‘12‘—’-5« 2452 Do ﬁLM-‘3°”5;.7s¢4z Do fyrii2eem- 4985433: 392 Do
;‘ ‘FIBER STRESS ToT AL fa."‘ fb 4qg po. | m Do. | <5 Do
AC SrrEss + ALLOWABLE = fi+F, , -,és—-ua 550 = 447 —};n»;ssl 581 = 5§70 Lxontssos 493
: | (IQ%) STRESS + ALLOWABLE = f, ¥ Fp -?—:452—-1050- 430 .ﬁ'— 46271050z 440 s 38251050 , 364
.‘vBun.Dma Cops " ToTAL , (*30,70‘) 377 RCTA ) o Tls@ise) TEET -
. 34" UNREINFORCED CONCRETE TUNNEL IN EARTH
i EQUATIOMNS CROWMN ' HORz.MID. SECTION INVERT k
LOA DI NG DataFromi GENE®mA L SuRsTITUTIONS CONSTANTS MomMeNT THRUST MoMENT THRUST  MomMeENT. THRUS T
) SheetColumn rg' t.283 hies (vt):i083 (e })= %42 . Cy M(an Cy N(k:’p:)' Cuw M) Cy N(k!pS) Gm_ M@uk) Cn  Nlkips)
TrRIAWATER, SHELLWE B4 41 N = 5e— Cy iR . 012 Cu + 30 +3.6 27 T4 v +940 410
anD Buoyancy ReAcTIoN B- 1T — Absolute Values of Moment - Estimated —_ 0 0 —_— o o
UNiForm WaTeEr  — — N= ‘)L[Lﬁ?)" 9~ -8 2 0.%3 o 011 Cy + 62.5 +44.0 _ +625 +44.0 1625  +440
" ABove THE CROWN — — M= “o _9_54:_%:%3%9_._4_5(;" 6.63C O ° _ o o o o { _
UniFormVerTicaL B10 41 N= PCa 12319C N 123.19 Cy ro00s + 1.l ; ra50 1+ 615 -o00a - 1.1
EartH LoaD B-10 40 M= P(r+%)Cm 123192 9.42:Cp 1160.46Cxy 10,119 + 1381 -0,121 -140.4 +0.115  +133.5
UntrormHorizonTar Bt 41 N =w(r+t) Cy 2944 % 10,3 + Cy 30,76 Cy 10,997 + 30.1 o o +1.003 + 30.8
EARTH LOAD Bl 40 M =w(rt)(r+})Cm 2844x10832942:Cn  299.73Cy -0.249 - 72, 10,243 + 10.4 -0.255 - 739 '
TRIANGULARHorizonmaL B12 41 N =T(r+t)*Cy 0438 % 10837 xCy 5.13Cn , +0.64 t 33 ) o t136 + 7.0
EArTH LoAD Ble 40 M e'r‘(r‘tt)‘(r*fjcm .043¢x)0.83x942:Cm " 4£.34Cwm ~0.224 - 10,¥ "+o,24é', + 1.9 ~0.2715 - 133 A
ToTAL . + 55,2 +92.7 N EFNTEX ] + 46,3 S vanr
MAxiMumConcrere. DirEeT To= +52& N ~5ess— N 2.45N 202,6 Los/salm. 276.6 Lbs/Saln. . 22 4.7 Lbs/saln
FIBER STREss BenDInG fp= -2%22-M Leg22— M 5.20M 2¢1.0  D.. 302,1 Do 240.%  De.
CoMBINEDCONCRETE Maximum T fot h 4%1.6 D, 57187 Do . 4658, 5 Do
" FIBER STRESS Mimimum  fa=fa = fp -— 84.4 Do, —-255 De . -)l6.1 Do
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DesiGN oF REINFORCING OSTEEL
‘ForR TUNMNEL SHeLL 26" THICK

‘ QROWH AND u!ER

Use *5 @l%’oc Ea Wa ,Outs/de Face
Y

Pi = —-ﬁ-—;-‘ -ﬁ—fz—-’]-z = 00067 L 26-4 e
T (n-l)py = 9%.00067 =.006 37T ™
% (Table No.27) D= 6.0

Eclwva}eni Area A- 12x26 + 9x,21 = 314°"
* Section Modulus S = At . 4 2e = 1360

Allowable Concrete 5+res< Axial (A cl. Code)

=.9 (ozzmiﬂ‘p,)
Fq. = .8x,22 5x30oo +.8 x1Q000x,00067
Fo = 550 on

Allowable Conoréte Stress - Dendlng (Exposure A)
Fo=.35fc. 35 8000 * 10507y

orz. MipD. SEcTION 2 ,
Use *o@¢' oc, Circumferential, Inside Foce

*5 @ Is*oc Long:tudlnal Inside Face
As 29

Ps =7A, T Tixie =.002¥%2 g: 35
1) py = 9x.002%2 =.0254

' D=51995
A= l2x26 fQ);(,?’ = 320%"
5= A5tz 2pLe - oo
Fa = 8%, zzsxsoa'o +.8% J¥oo0 k00282 = 5‘5’/%'-
F, = loso Yo

|
|
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JUSTIN & COURTNLEY, Lonsulting Engineers

121 SOUTH BROAD STREET sneer No._ 8 25 oF
_ . B PHILADELPHIA 7, PA. e 8 JOrs, 1957
oF cuENr__uQﬁm_LfC_f_Q/ version _—  Roc/t Twrnnel . comp. oy Lo Bt NCE
 Design of Stee/ ;?/b Suppor? crgoxen sy_ £ M.

B width- /?3 5
/?cfmmcc "Roch Tunnel-

/r‘)y [t Stee/ 50Pporf5

by Procfor 8 White,

Assumed rocir Condir=
trons — Fractured, blocky
ond Seanm Phy //;;‘c and’
Schist. Ste ep/ bc.’ddcd ar
/"/7/?,7’" 009/6‘5 Yo Tunnel.

Rock /load (height

of fa/l ouwt} p. 9/

Hp =0 2,5(B+H) |
=0:25(79.33+/9.33)

=97 Use /0’

'’

i3
Y
% 7

4
ﬁssu”m rib Sp OCH’?j oF 4.0,
. Load perrib perfool of tuonel width
=0 x195%xy" =z Yoo ¥

Refer o Table /, p.a38, For 8 width of 20’
and 4¢” b/oc/r acm , 9n 8" I peorm @,84%
has Capaoc/ 950 ' per foot of Furnel
width a:" a .5#6.»5 equal *o 24000 *§,

Desfgn Fer. L8000 £ Stress

|

- Ne- Hssime 3° bloc ’rmy drsfonce.
RY ] e //3 = / %769
%l‘ﬁ | N P /8% = BY
m's i //:f'g Stress /.I‘? f'l.b = Thrus? »M
l % \:""% @CCCI?'?L"/CI 7 /‘?f‘ea. L See.NMod .
~___.....€_.__A ) y = 20x2.67 , ¢7500(1")
¢ 8" wr-20 5,55 /7

= /2200 +5550 =/7750 4

Lise 6"1:«F 20" rsbs w i th '6/oc/n'gz cist oF 3%0, Maximom.
Mare rrbs Sorme radius For bo Cor?h and reck Tunnel

For post: Lood = 7%x 967« 66% % <1228 .80 f</3300*
Capacity of 8" WwF ao*= '
ap a:?‘)r of 8" WwF 2o 13:300*<5.55 2 73%.
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. h33x68%a 8K
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v 8
113> = I27CP % e a,;: 29 8;”“
/3" = /69 Hole % <% = 339
11225 512,600 ‘ 555
- Stress in ribs Thtus? o, _IMim.
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z Sooo(70.47) . 81500 % . 785"
. . 5,85 : /7
.. . ' - £
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et/
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